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Ligand size is a major determinant of specificity in periplasmic
oxyanion-binding proteins: the 1.2 Å resolution crystal structure
of Azotobacter vinelandii ModA
David M Lawson*, Clare EM Williams, Lesley A Mitchenall and Richard N Pau
Background: Periplasmic receptors constitute a diverse class of binding
proteins that differ widely in size, sequence and ligand specificity. Nevertheless,
almost all of them display a common β/α folding motif and have similar tertiary
structures consisting of two globular domains. The ligand is bound at the
bottom of a deep cleft, which lies at the interface between these two domains.
The oxyanion-binding proteins are notable in that they can discriminate between
very similar ligands.
Results: Azotobacter vinelandii is unusual in that it possesses two
periplasmic molybdate-binding proteins. The crystal structure of one of these
with bound ligand has been determined at 1.2 Å resolution. It superficially
resembles the structure of sulphate-binding protein (SBP) from Salmonella
typhimurium and uses a similar constellation of hydrogen-bonding
interactions to bind its ligand. However, the detailed interactions are distinct
from those of SBP and the more closely related molybdate-binding protein of
Escherichia coli.
Conclusions: Despite differences in the residues involved in binding, the
volumes of the binding pockets in the A. vinelandii and E. coli molybdate-
binding proteins are similar and are significantly larger than that of SBP. We
conclude that the discrimination between molybdate and sulphate shown by
these binding proteins is largely dependent upon small differences in the sizes
of these two oxyanions.
Introduction
Bacterial cells have evolved a number of efficient trans-
port systems for the selective and regulated passage of
specific molecules into the cytoplasm. Perhaps the most
studied family are the periplasmic binding-protein-depen-
dent ATP-binding cassette transporters (often abbrevi-
ated to ABC transporters or traffic ATPases). They are
implicated in many important biological processes, as
well as being associated with clinical disorders including
cystic fibrosis, antigen presentation and multidrug resis-
tance of cancers (for reviews see [1–3]). ABC transporters
are three-component systems. In Gram-negative bacte-
ria, the first component is a periplasmic binding protein
(or receptor) that specifically recognises and binds its
cognate ligand after it has diffused into the periplasmic
space through pores in the outer membrane. In Gram-
positive bacteria, the binding protein is tethered to the
outer surface of the membrane [4]. The binding of a
ligand induces a conformational change in this receptor
protein [5]. It then interacts with the second component
of the system, which spans the inner cell membrane. The
release of ligand by the binding protein and its trans-
location across this membrane is driven by ATP hydroly-
sis by the third component of the transporter, which sits
on the inner surface of the membrane. The details of this
process are poorly understood.
The periplasmic receptors range in size from 25 to 59 kDa
and display only limited sequence homology [6]. To
date, the crystal structures of some 17 proteins are known
[3,7–10], and, despite the apparent variety of ligands
bound, they display common structural motifs. They are
comprised of two similar globular domains each consisting
of a central β sheet flanked by α helices. In the larger recep-
tors (> 40 kDa) the domains can be divided into sub-
domains [3]. Two or three interconnecting strands form a
hinge at the bottom of a deep cleft between the two
domains. The binding of a specific ligand in this cleft pro-
motes conformational changes involving a hinge-bending
movement and closure of the cleft [11–15]. The binding
proteins are the initial determinants of specificity of the
transport system [3]. However, the degree of specificity
varies from the least stringent (such as OppA, which will
recognise peptides of two to five residues without regard
to sequence [16]) to the relatively specific (such as the
leucine/isoleucine/valine-binding protein, which has three
potential ligands) to the most specific (such as the anion-
binding proteins, which frequently have only a single
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substrate [3]). As a general rule of thumb, the larger recep-
tor proteins seem to be capable of binding a larger selection
of ligands.
Molybdenum is required for the cofactors of redox enzymes
such as the iron–molybdenum cofactor of nitrogenase [17]
and the molybdopterin-containing cofactors of, for example,
nitrate and dimethyl-sulphoxide reductases [18]. In the
environment, molybdenum is normally available in trace
quantities, often less than 50 nM, as the soluble oxydi-
anion molybdate (MoO42–) [19]. Molybdate resembles sul-
phate, phosphate, tungstate and vanadate in terms of size,
shape, charge and hydrogen-bonding properties [20]. Cells
can distinguish between sulphate, phosphate, molybdate
and vanadate, but not between molybdate and tungstate.
Although there are distinct molybdenum- and vanadium-
nitrogenases, both molybdenum and tungsten can be
incorporated into molybdenum-nitrogenase [21,22]. More-
over, molybdenum and tungsten can be interchanged in
the pterins of both molybdenum- and tungsten-cofactor
enzymes [23]. In order to understand the molecular basis
for this discrimination, we are studying the recognition of
molybdate by the periplasmic molybdate-binding protein
ModA, which is responsible for the first level of selectivity
in the cell. As a direct result of this work it was shown that
Azotobacter vinelandii in fact has two distinct ModAs, which
we denote ModA1 and ModA2. In qualitative assays ModA1
binds molybdate and tungstate, but not other oxydianions
[24]. ModA2 also binds both molybdate and tungstate — a
fact that is crucial to the X-ray structure determination.
Quantitative assays on E. coli ModA (EcModA) gave disso-
ciation constants of 3 µM and 7 µM for molybdate and
tungstate, respectively, and values in excess of 2 mM for
other anions including sulphate, phosphate and vanadate
[25]. However, more recently, 150–250-fold lower values
for molybdate and tungstate have been obtained, putting
the dissociation constants into the nanomolar range [26].
Crystallographic studies in the laboratory of Quiocho [27–29]
have demonstrated that the selection shown by the sul-
phate and phosphate receptors for their respective anions
relies on the fact that phosphate is protonated at physiolog-
ical pH. To accommodate this, the anion-binding site of
the E. coli phosphate-binding protein contains a single
hydrogen bond acceptor group — an aspartate sidechain —
that accepts a hydrogen bond from the proton on the phos-
phate group but repels fully ionized anions such as sul-
phate. In contrast, the binding pocket of sulphate-binding
protein (SBP) from Salmonella typhimurium contains only
hydrogen bond donating groups and therefore it accepts
sulphate but rejects protonated ligands such as phosphate.
The selectivity shown by ModA and SBP for their respec-
tive anions is intriguing, given that both ligands are fully
ionized and carry the same overall charge. In the absence
of structural information it was tempting to speculate that
the molybdenum adopts an octahedral coordination on
binding to its receptor, as it does ultimately in biological
cofactors — a configuration rarely seen for sulphur [20].
However, the results of this and a parallel investigation on
EcModA [9] show that the molybdenum retains tetra-
hedral coordination when bound to the protein. This study
presents the atomic-resolution structure of ModA2, which
displays a molybdate-binding cavity that is distinct from
that of the E. coli protein with respect to the residues that
are involved in binding but is closely similar in terms of
cavity volume. 
Results and discussion
Description of the molecule
ModA2 is made up of a single 24 kDa polypeptide chain of
232 amino acids. The molecule is ellipsoidal in shape, with
overall dimensions of approximately 35 Å × 40 Å × 60 Å
(Figure 1). As with the majority of the other known struc-
tures of binding proteins, it is comprised of two domains
(designated I and II) linked by a hinge region, and the
ligand-binding site is located at the interface between the
two domains. Each domain comprises a central, mixed,
five-stranded β sheet sandwiched between two layers of
α helices. There are two interdomain connections that
make up the hinge. As a consequence, domain II is com-
prised solely of a single, continuous segment of poly-
peptide chain (residues 82–190) arising as an insertion
between the fourth and fifth β strands of domain I (β4 and
β10), which therefore consists of two segments (residues
1–81 and 191–232) and contains both the N and C termini.
In contrast, SBP [29] has a 50 amino acid C-terminal exten-
sion with respect to ModA2. This forms a third, helical
interdomain connection and two further α helices, which
complete domain II. The connectivity of the β sheets in
ModA2 is –1x, +2x, +2x, –1 for domain I, and +2, +1x, –2x,
–2x for domain II, using the nomenclature of Richardson
[30], and is illustrated schematically in Figure 2. The
recently solved structure of EcModA [9] (Brookhaven
Protein Data Bank [PDB] entry 1AMF) superimposes well
upon ModA2, giving an overall root mean square (rms)
deviation of 1.3 Å for 188 equivalent Cα positions, as
depicted in Figure 3. If the domains are considered inde-
pendently, then the rms deviations are marginally lower
at 1.2 Å and 1.1 Å for domains I and II, respectively. This
indicates that the two proteins adopt very similar ligand-
bound conformations in the crystal. A surface loop in
domain II of ModA2, comprised of residues 169–176
extends towards, but does not make contact with, domain I.
It is poorly defined in places. One might speculate that this
may be important in stabilizing an open conformation of
the apoprotein or might perhaps have a role in interacting
with ModB, the transmembrane component of the high-
affinity molybdenum-transport system.
Oxyanion-binding pocket
Like sulphate, molybdate and tungstate are completely
ionized at physiological pH [31]. Sulphate-binding sites
are widespread in proteins [32]. However, a survey of the
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PDB [33] revealed only three examples of molybdate-
binding sites. In two of these, namely the binding pocket
of EcModA (PDB entry 1AMF), and an interfacial site
adjacent to the nucleotide in A. vinelandii nitrogenase
iron protein (PDB entry 1NIP) [34], the oxyanion is held
by a mixture of mainchain and sidechain amides and
sidechain hydroxyls. Moreover, the oxygens of the anion
are tetrahedrally disposed about the metal. By contrast, in
the third example, molybdate and vanadate are bound
with trigonal bipyramidal coordination geometry in a rat
acid phosphatase (PDB entry 1RPT) [35]. In this case, the
equatorial oxygens interact exclusively with arginine side-
chains and there seems to be a direct interaction between
a histidine sidechain in an axial position and the metal
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Figure 1
Stereoview Cα trace of ModA2, with every
tenth residue numbered.
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Figure 2
Topological arrangement of secondary
structural elements in ModA2. The α helices
and β strands are represented by cylinders
and arrows, respectively. The letter A denotes
the position of the anion, and dashed lines are
drawn between the ligand-binding residues
and the anion. The relative position of Tyr170
from EcModA is indicated in brackets.
β1
β10
β2
β3
β4
β7
β6
β8
β5
β9
α1
α3
α9
α10
α2
α7
α6
α5
α4
α8
N
C
A
T9
N10
S37
Y118
V147
(Y170)
Structure
itself. Sequence alignments of molbindins, a novel family
of cytoplasmic molybdate-binding proteins, suggest that
there may be a third class that uses salt bridges in addition
to neutral hydrogen-bonding interactions to bind their
ligand [36]. Tungstate, on the other hand, is slightly more
prevalent in the PDB (entries 2HNQ, 1YTW, 1CKJ, 3KBP,
1KPE, and 1WOD), although one of these (1WOD) is
simply the tungstate-bound form of EcModA. The ability
of tungstate to act as a phosphate analogue in a number of
proteins, phosphatases in particular, has promoted its use
as a heavy-atom derivative in crystal-structure determina-
tions, in some cases using multiple-wavelength anom-
alous-dispersion methods [9,37].
In ModA2 the oxyanion is bound at the interface between
the two domains. It is completely dehydrated (nearest
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Figure 3
Stereoview superposition of ModA2 (red) and
EcModA (blue). The least-square
superposition was based on residues 2–87,
107–136, 141–168, 184–200 and 205–231
of ModA2 and residues 4–89, 114–143,
146–173, 187–203 and 207–233 of
EcModA.
Structure
Figure 4
Stereoview of the anion-binding pocket of
ModA2 superimposed on the final 2Fobs–Fcalc
electron-density map contoured at three times
the rms density. The ligand-binding residues
are labelled and the important hydrogen
bonds are indicated by dashed lines. Atoms
are coloured as follows: blue, nitrogen; red,
oxygen; black, carbon; magenta, tungsten.
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water is 6.4 Å away) and bound by seven hydrogen bonds
donated by uncharged, polar protein groups. Three of these
involve the sidechains of Thr9, Asn10 and Ser37, all of
which are located in domain I. The remaining four interac-
tions involve the mainchain NH groups of Asn10 and Ser37
from domain I, and Tyr118 and Val147 from domain II
(Figure 4). The observation that five of the seven hydrogen
bonds, which includes all the sidechain interactions (and
hence the more flexible contacts), are donated by residues
in domain I might indicate that this domain is responsible
for the initial recognition and binding of the anion by the
apoprotein. The binding pockets of SBP, ModA2 and
EcModA are compared schematically in Figure 5. Although
the residues involved differ, these three sites are remarkably
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Figure 5
Schematic representations of the anion-binding pockets from (a) SBP,
(b) ModA2 and (c) EcModA produced using the programs HBPLUS
[65] and LIGPLOT [66]. Structurally equivalent residues have been
arranged such that they occupy similar positions with respect to the
ligand. The hydrogen bonds are indicated by dashed lines and their
lengths are shown in Å. Similar interactions in all three proteins are
coloured magenta, whereas those found in only the molybdate-binding
proteins are in green. Atoms are coloured as follows: blue, nitrogen;
red, oxygen; black, carbon; yellow, sulphur; purple,
tungsten/molybdenum.
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Figure 6
Electrostatic surface potentials of (a) SBP
and (b) ModA2, which have been modelled
into open conformations (see text). Potentials
of less than –10 kT, neutral potentials and
those greater than 10 kT are displayed in red,
white and blue, respectively. The approximate
positions of the ligands are shown for
reference.
similar, making use of the same general types of interaction.
The anions are bound by seven hydrogen bonds, although
SBP uses five mainchain interactions whereas both ModAs
use only four. At first glance, it is not apparent how these
proteins can be so selective, given that they can only ‘see’
the oxygens of their respective anions. Averaging the bond
lengths between the central atom and the oxygens of the
oxyanion in several small molecule structures in the
Cambridge Structural Database [38] gives 1.75 ± 0.04 Å and
1.76 ± 0.002 Å for molybdate and tungstate, respectively,
compared to 1.47 ± 0.02 Å for sulphate. As a crude approxi-
mation one can estimate the size of pocket required to bind
these anions by calculating the volume of a ‘minimal
sphere’ that would completely enclose each — using the
sum of the average bond length and the van der Waals
radius of oxygen (i.e. 1.4 Å) as the radius of this sphere. The
result is approximately 132 Å3 for molybdate and tungstate,
and 99 Å3 for sulphate — a significant difference. If we then
remove the anions from the binding pockets of ModA2,
EcModA and SBP, and calculate the volumes accessible to
a rolling probe of radius 1.4 Å using the program VOIDOO
[39], we get 74 Å3, 72 Å3 and 59 Å3, respectively. Firstly, we
note that the pockets of ModA2 and EcModA are very
similar in size, despite the use of different amino acid
residues. Secondly, the cavity volumes are only 55–60% of
the corresponding minimal-sphere values previously cal-
culated. Clearly the minimal-sphere approximation does
not accurately reflect the size and shape of the smallest
cavity capable of binding these anions and suggests that
the binding pockets closely complement the shape of
their cognate ligands. In these anion-binding proteins, the
ligand forms an integral part of the interface between
domains I and II. The use of mainchain NH groups to bind
the ligand confers rigidity on these anion-binding sites and
imposes strict restrictions on the size of ligand that is
bound. In contrast to ionic or van der Waals interactions,
hydrogen bonds are extremely directional and thus play a
major role in conferring ligand-binding specificity. If the
anion is substituted by one of the same shape and charge,
but of different size, these interactions will be compromised
because the hydrogen-bond lengths and angles will change.
Clearly, proteins are not rigid molecules and some flexibil-
ity should be expected. By simply opening or closing the
domain interface slightly, the hydrogen-bond lengths could
be improved (bearing in mind that large changes will
perturb the other interactions at the domain interface).
However, optimization of bond angles would be less
straightforward, requiring the helices to either pivot about
their N termini (resulting in large shifts at their C termini),
or roll about their axes. Thus, it appears that selection of the
appropriate ligand by these receptors is heavily dependent
on the size of the anion.
Charge stabilization and electrostatic surface potential of
the binding pocket
The use of entirely neutral protein ligands to bind a diva-
lent anion is something of a paradox, the nearest positive
charge on Nξ of Lys59 being over 10 Å away. However, all
the protein groups involved are polarizable and lie at the
N termini of four α helices that converge on the binding
pocket, thus providing a high concentration of local dipoles
from the peptide units at the helix termini. A similar
arrangement is seen in SBP, where it has been suggested
that this configuration helps to stabilize the uncompen-
sated charges on the buried oxyanion [40].
Molecular recognition, by definition, implies complemen-
tarity between a protein and its ligand. As we have already
seen, the binding pockets of ModA2 and SBP match their
cognate ligands in terms of size and hydrogen-bonding part-
ners. If we analyse the electrostatic surface potentials of
these receptors, however, we see quite surprising results.
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Figure 7
An unrooted phylogenetic tree of molybdate-, sulfate- and thiosulfate-
binding proteins. The phylogeny was inferred using the programs
PROTDIST and NEIGHBOR in the PHYLIP phylogeny-inference
package of programs using the PAM-001 matrix [67]. The branch
lengths are proportional to the expected number of amino acid
substitutions per site (PAM units). Amino acid sequences were aligned
using the program CLUSTAL W [68]. Sulfate- and thiosulfate-binding
proteins are Subi and Cysp, respectively. Molybdate-binding proteins:
ModA, ModA1 and ModA2 are divided into subfamilies 1 and 2. The
bacterial species are: Ani, Arthrobacter nicotinovorans; Azo, Azotobacter
vinelandii; Bsu, Bacillus subtilis; Eco, Escherichia coli; Hin,
Haemophilus influenzae; Hpy, Helicobacter pylori; Mka, Methanopyrus
kandleri; Mle, Mycobacterium leprae; Mtu, Mycobacterium tuberculosis;
Rca, Rhodobacter capsulatus; Ssp, Synechocystis sp.; Sty, Salmonella
typhimurium; Syn, Synechococcus sp.
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To date no apo structures for either ModA2 (or EcModA) or
SBP exist. Therefore, in order to visualize the surfaces of
the binding pockets, the ligand-bound ‘closed’ structures
were modelled into ‘open’ conformations using the open
structure of the phosphate-binding protein (PDB entry
1OIB) [41] as a guide. The surface potentials of the resul-
tant models were calculated using the program GRASP [42]
and are displayed in Figure 6. As observed by Ledvina et al.
[41], the ligand-binding cleft of SBP has a largely negative
potential and is thus noncomplementary to its anion. They
concluded that the correct hydrogen-bonding capacity was
more important for ligand binding, and that noncomple-
mentarity of electrostatic potentials may, in fact, enhance
discrimination between similar ligands. By contrast, the
surface potential in the binding pocket of ModA2 is virtu-
ally neutral, which was also observed in E. coli ModA by Hu
et al. [9] who stated that, from simple electrostatic consider-
ations based on Born charging energies, it is energetically
more favourable for an apolar pocket to bind a larger anion.
The two ModA proteins of Azotobacter vinelandii
The gene encoding the periplasmic molybdate-binding
protein ModA is usually located in the operon that also
contains the genes for the other two proteins of the molyb-
date transporter, ModB and ModC. An exception to this is
the ModA-like protein in Synechocystis sp. [43]. Mutations
in the A. vinelandii molybdenum-transport operon affect
molybdenum-dependent gene regulation and molybdo-
enzyme activity [24,44]. The gene encoding ModA in the
A. vinelandii molybdate-transport operon was cloned; the
protein was overexpressed and purified, and polyclonal
antibodies were raised against it. Proteins in an A. vinelandii
periplasmic extract that bound to SP Sepharose are almost
all eluted in a single peak by 250 mM NaCl. This peak
contained two proteins, both of which reacted to the
ModA antibodies. The two ModAs were separated by
chromatography on Sepharose MonoQ. The product of
the A. vinelandii modA gene (designated modB in the
databases) in the molybdenum-transport operon is referred
to here as ModA1 and the second binding protein is
described as ModA2. Their identification as molybdate-
binding proteins is primarily based on structural and amino
acid phylogenetic analysis, which is discussed in the next
section. The reason for the presence of two distinct
ModAs in A. vinelandii has not been established. It is
worth noting, however, that A. vinelandii is known to be a
bacterium with a very high capacity for molybdate. Molyb-
denum-nitrogenase may comprise up to 10% of its soluble
protein and, unlike Klebsiella pneumoniae, it accumulates
molybdenum under both nitrogen-fixing and non-nitro-
gen-fixing conditions [45,46].
Evolutionary aspects
Phylogenetic analysis based on amino acid sequences alone
shows that the anion-binding proteins are more closely
related to each other than to other periplasmic receptors [6].
Genes encoding proteins with a high similarity to ModA
have been identified in many bacteria. Figure 7 shows the
Research Article  Azotobacter vinelandii molybdate-binding protein Lawson et al. 1535
Figure 8
Structure-based sequence alignment of
EcModA, ModA1 and ModA2. The sequence
identity between ModA1 and ModA2 is 50%,
and they each show 29% sequence identity
with EcModA. The locations of α helices and
β strands are represented by cylinders and
arrows, respectively. The residues involved in
ligand binding are highlighted in bold. Of
these, those that are underlined have both a
mainchain and a sidechain interaction, those
that are italicised have only a sidechain
interaction, whereas the remainder have only a
mainchain interaction.
                  10        20        30        40        50
               β1  |      α1 |         |  β2     |  α2     |   β3
EcModA    DEGKITVFAAASLTNAMQDIATQFKKEKGVDVVSSFASSSTLARQIEAGAPADLFISAD
ModA1     AEVQVAV AANFTAPMKDIASQFEKDTGHKVITSFGPTGGFYSQIQNGAPFEVFLAAD
ModA2     NELKVVT ATNFLGTLEQLAGQFAKQTGHAVVISSGSSGPVYAQIVNGAPYDVFFSAD
                     |         |         |         |         |      
                    10        20        30        40        50       
         60        70        80        90        100       110        
          |  α3     |         | β4  β5  |         |     α4  |     β6 
EcModA    QKWMDYAVDKKAIDTATRQTLLGNSLVVVAPKASVQKDFTIDSKTNWTSLLNGGRLAVGD
ModA1     DTTPEKLEKEGGTVAGSRFTYAVGKLVLWSAK-----PGYVDDQGAVLKKNAFKHLSIAN
ModA2     EKSPQKLDNQGFALPGSRFTYAIGKLVLWSAK-----PGLVDNQGKVLAGNGWRHIAISN
            |         |         |              |         |         | 
           60        70        80             90        100       110 
         120       130       140         150       160       170      
          |     α5  |         | α6    β7  |    α7   |     β8  |  α8  
EcModA    PEHVPAGIYAKEALQKLGAWDTLSPK--LAPAEDVRGALALVERNEAPLGIVYGSDAVAS
ModA1     PKTAPYGAAAVQVLAKLGLTEATKSK--LVEGASIAQAHQFVATGNAELGFVALSQVYK-
ModA2     PQIAPYGLAGTQVLTHLGLLDKLTAQERIVEANSVGQAHSQTASGAADLGFVALAQIIQ-
                 |         |         |         |         |         | 
                120       130       140       150       160       170 
              180       190       200        210       220       230   
               | β9      |    β10  |          |  α9     |  α10    |   
EcModA    KG----VKVVATFPEDSHKKVEYPVAVVEGHNNATVKAFYDYLKGPQAAEIFKRYGFTIK
ModA1     DGKLTGGSGWNVPGDLYEPIRQDAVILTKGKDNPAAQALVDYLKGPKATEVIKAYGYGLQ
ModA2     AAAKIPGSHWFPPANYYEPIVQQAVITKSTAEKANAEQFMSWMKGPKAVAIIKAAGYVLPQ
                  |         |         |         |         |         |  
                 180       190       200       210       220       230  
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phylogenetic relationships of the sulphate-, thiosulphate-
and molybdate-binding proteins. There are two distinct
groups of molybdate-binding proteins, which we describe
as subfamily 1 and subfamily 2; they are represented by
the ModAs from E. coli and A. vinelandii, respectively. The
most obvious differences occur in the ligand-binding
residues themselves (see Figures 2, 5 and 8). In EcModA,
Tyr170, a residue conserved throughout subfamily 1, lies
at the N terminus of helix α8 and donates a hydrogen
bond to the ligand through its sidechain hydroxyl, but no
such interaction is present in A. vinelandii ModA2. A con-
served tyrosine in subfamily 1 (Tyr118 in ModA2) is
involved in ligand binding but, in this case, via its main-
chain NH, an interaction conserved in subfamily 1 (equiv-
alent is Ala125 in EcModA). However, the hydroxyl of
Tyr118 hydrogen bonds across the interdomain interface
to Gln193, another residue conserved in subfamily 2. A
further difference is in the nature of the bidendate inter-
action at the N terminus of helix α1: subfamily 2 makes
use of the mainchain NH and the sidechain Nδ2 of an
asparagine (residue 10 in ModA2); whereas subfamily 1
makes use of the mainchain NH and the sidechain Oγ of a
serine (residue 12 in EcModA). Curiously, ModA2 is
unique within subfamily 2, being the only member that
uses a sidechain hydroxyl at residue 9 (Thr9) as one of its
seven hydrogen-bond donors to the anion. Thus,
sequence and structural alignments suggest that the
remainder of subfamily 2 bind their ligands through only
six hydrogen bonds, although in the absence of structural
information we cannot rule out the possibility that alterna-
tive residues may have been recruited to compensate for
the ‘missing’ interaction.
Biological implications
Periplasmic binding proteins are the initial determinants
of specificity in the high-affinity transport systems of
Gram-negative bacteria. The periplasmic anion-binding
proteins can discriminate between ligands that have
similar sizes, shapes and hydrogen-bonding properties;
hence, these are arguably the most selective of the peri-
plasmic receptors. We have determined the X-ray crystal
structure of the molybdate-binding protein ModA2 from
A. vinelandii with bound ligand at atomic resolution. It is
a typical periplasmic receptor, with the ligand-binding site
located within a cleft between two similar β/α domains. Its
structure resembles that of the sulphate-binding protein
(SBP) of S. typhimurium and closely superimposes upon
the recently solved structure of ModA from E. coli. All
three proteins use a similar but distinct pattern of hydro-
gen bonds to bind the appropriate anion. A. vinelandii is
unusual in that it produces two periplasmic molybdate-
binding proteins that share only 50% sequence identity.
They each show 29% sequence identity with E. coli
ModA. Phylogenetic analysis of periplasmic molybdate-
binding proteins from a wide range of bacteria shows
that they fall into two distinct families exemplified by the
proteins from A. vinelandii and E. coli. Several key differ-
ences that typify the two families relate to the residues
involved in ligand binding. Despite these differences, the
binding-pocket volumes are almost identical and are
clearly larger than that of SBP. Thus the discrimination
between molybdate and sulphate shown by ModA rep-
resents an example of finely tuned molecular recogni-
tion relying largely on small differences in the sizes of
these two oxyanions. This conclusion is supported by
the observation that ModA binds both molybdate and
tungstate, which correspond in size.
Materials and methods
Purification and crystallization
ModA2 was prepared in the apo form from a periplasmic extract of
cells from a 200 l culture of the A. vinelandii strain RP20 (∆ modE)
[24]. Approximately 1.5 kg of freshly harvested cells were suspended
in 20% sucrose, 50 mM TrisCl pH 7.5 and collected by centrifugation.
The cells were then suspended in 10 l cold water and centrifuged. The
supernatant was brought to 25 mM HEPES pH 7.5, 10 mM EDTA and
loaded on a SP Sepharose column (Pharmacia). The ModA proteins
were eluted in a single peak with a 0–1 M NaCl gradient in 25 mM
HEPES pH 7.5. The eluted proteins were dialysed against 50 mM
ethanolamine chloride pH 9.0 and the ModA proteins separated on a
MonoQ column using a Pharmacia FPLC system and a NaCl gradient
in 50 mM ethanolamine chloride pH 9.0. The ModA1 eluted at the start
of the gradient, whereas the ModA2 eluted at 125 mM NaCl. ModA2
was then concentrated by centrifugal ultrafiltration to 10–15 mg/ml in
10 mM Tris–HCl pH 7.0 containing either 1 mM sodium molybdate or
1 mM sodium tungstate. The protein was crystallized at 18°C using the
hanging-drop vapour-diffusion technique. Drops comprised of 2 µl
protein and 2 µl precipitant were equilibrated against wells containing
1 ml of precipitant. The latter contained a mixture of 11–14% (w/v)
polyethylene glycol (PEG) 4000 and 0.4 M ammonium sulphate in
0.1 M sodium acetate buffer at pH 4.0. Large, single crystals, having
dimensions up to 0.8 × 0.4 × 0.3 mm, grew over a period of 1–2 days.
Crystals showed a tendency to become etched and to crack when
transferred to different soaking solutions, or if left unharvested for
several weeks. In subsequent experiments, crystals were stabilized by
soaking overnight in 0.1%(v/v) glutaraldehyde in an artificial mother
liquor (AML) comprised of 12.5% (w/v) PEG 4000, 0.4 M ammonium
sulphate in 0.1 M acetate buffer at pH 4.0. After this stabilization step
they were transferred to fresh AML that lacked glutaraldehyde.
Data collection
For data collection, crystals were transiently soaked in cryoprotectant
that was made by replacing 25% of the buffer volume in AML with eth-
ylene glycol. Crystals were then mounted in home-made cryo-loops and
flash-cooled to 100K using an Oxford Cryosystems Cryostream cooler;
they were maintained at this temperature throughout data collection.
X-ray data were collected using a either a MAR-Research image-plate
detector on beamline X11 at the EMBL outstation at DESY Hamburg
(X-ray wavelength 0.91 Å), or a Rigaku R-AXIS IV image-plate detector
mounted on a Rigaku RU-H2R rotating-anode generator with mirror
optics and copper target (operated at 50 kV and 100 mA). The crystals
diffracted strongly to high resolution, enabling complete 1.2 Å resolu-
tion data to be collected using a single crystal of the tungstate-bound
protein at Hamburg. This data set was collected in two passes: a high-
resolution pass (1.2 Å) to record the relatively weak reflections at the
edge of the plate, and a medium-resolution pass (2.15 Å) to adequately
record the strong reflections in the middle of the plate, which were sat-
urated in the previous pass. A resolution test performed on the same
crystal suggested that data collection beyond 1.0 Å was possible,
although temporal constraints prohibited this. Further X-ray data to a
resolution of 2.0 Å were collected on both molybdate- and tungstate-
bound forms of the protein using the R-AXIS IV. X-ray data were
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processed with DENZO [47], and were scaled and merged using the
program SCALEPACK [48]. All subsequent downstream processing
and statistical analysis was effected using programs from the CCP4
suite [49], unless otherwise stated. Data collection and processing sta-
tistics are summarized in Table 1. 
Structure solution
ModA2 crystallizes isomorphously with either molybdate or tungstate
bound, giving a primitive monoclinic cell with parameters a = 32.93 Å,
b = 88.80 Å, c = 41.75 Å and β = 93.55°. It was clear from systematic
absences in the data sets that the space group was in fact P21. From the
molecular weight of 24 kDa and the cell parameters, it was apparent that
there was a single protein molecule per asymmetric unit, giving a solvent
content of approximately 51% [50]. X-ray data to 2 Å resolution from
molybdate-bound protein were used as the native data set and two deriv-
ative data sets were collected using the tungstate-bound crystals: deriva-
tive 1 being collected to 1.2 Å resolution, and derivative 2 being
collected to 2.0 Å resolution. Native and derivative data sets were
extremely isomorphous, presumably because molybdate and tungstate
are isosteric and carry the same charge, and therefore one can substitute
for the other without perturbing the structure. At the wavelength of the
incident X-rays on station X11 at Hamburg (0.91 Å) it was possible to
measure anomalous differences due to the bound tungstate (the LI X-ray
absorption edge of tungsten is at approximately 1.02 Å) in derivative 1.
Inspection of the Harker sections (v = 1/2) in isomorphous-difference
and anomalous-difference Patterson maps calculated at 3.0 Å resolution
for this derivative showed two clear symmetry-related peaks, indicating a
single site per asymmetric unit and therefore confirming the existence of
one protein molecule per asymmetric unit. By phasing on the tungstate
site at 2.0 Å resolution (the diffraction limit of the native data), an overall
figure of merit of 0.47 was achieved in the program MLPHARE [51].
Inclusion of the data from derivative 2 resulted in an improved figure of
merit of 0.54. The reason for this improvement might be because this
data set was subject to the same experimental errors as the native data
set, given that they were both collected on the same apparatus. The
heavy-atom phasing was improved further by solvent flattening and his-
togram matching using the program DM [52], giving an overall figure of
merit of 0.78 at 2.0 Å resolution. At this point a 2.0 Å resolution Fobs elec-
tron-density map was calculated, which showed clear contrast between
protein and bulk-solvent regions. 
Model building and refinement
Model building was performed by interactive computer graphics using
the program O [53] on a Silicon Graphics R4400 Indigo2 Extreme. All
data sets were split into a ‘working’ set comprising 95% of the reflec-
tions and a ‘test’ set comprising 5% of the reflections, enabling conven-
tional (Rconv) and free (Rfree) crystallographic R factors [54,55] to be
calculated during model refinement. By superimposing the tungstate/
molybdate on a skeletonized version of this map produced using the
program MAPMAN [56], it was apparent that, as expected, the anion
occupied a cleft in the molecule. It was also possible to make a reason-
able superposition of the coordinates of the sulphate-binding protein
from S. typhimurium (PDB entry 1SBP) on these ‘bones’, thus providing
an additional guide to map interpretation, particularly in the loop regions
where the electron density was less clear. Given the resolution and
quality of the map, it was possible to trace three fragments of poly-
alanine chain containing a total of 200 residues. At the start of this
investigation it was not clear which of the two A. vinelandii ModAs had
been crystallized. Efforts were made to fit the sequence derived from the
modA gene encoded in the modEABC molybdenum-transport locus
[24,44] (EMBL accession number X69077 — A. vinelandii modA is des-
ignated as modB in the database and described here as ModA1),
although there were many obvious discrepancies. This suggested that
we were actually working with ModA2, for which we had no gene
sequence. Progress was made by ignoring the ModA1 sequence and
only inserting residues that gave a good fit to the density. The resultant
model was refined (positional parameters only) in the program X-PLOR
[57] by simulated annealing and energy minimization using force-field
parameters based on geometry derived from the Cambridge Structural
Database [58], from a starting temperature of 4000K using all data to
1.8 Å resolution. This improved the Rconv from 56.3% to 47.9%, and the
Rfree from 58.1% to 51.9%. In this, and all ensuing refinements, only the
data from derivative 1 (tungstate-bound) were used to refine the model,
and at no point during refinement was a low resolution or an amplitude
cut-off used. Subsequently, both positional and thermal parameters of
the model were refined using the program REFMAC [59], giving
Rconv = 38.6% and Rfree = 45.5%. Phases calculated from this model to
2.0 Å resolution were combined with the density-modified heavy-atom
phases using the program SIGMAA [60] and were used to calculate
2.0 Å resolution 2Fobs–Fcalc and Fobs–Fcalc electron-density maps. The
former showed significant improvements over the original map, enabling
a total of 229 residues and a single tungstate anion to be modelled.
Refinement of this model at 1.6 Å resolution gave Rconv = 25.7% and
Rfree = 28.5%, and therefore the calculated phases were judged to be
accurate enough to dispense with phase combination at this stage.
Further iterations of model building (now with the inclusion of solvent
molecules), phase extension to 1.2 Å resolution, and refinement yielded
a model containing 231 amino acids, one tungstate anion and 354
water molecules. A single acetate molecule was modelled into very clear
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Table 1
X-ray data and isomorphous phasing summary.
Native Derivative 1 Derivative 2 
(MoO42–) (WO42–) (WO42–)
Data collection and 
processing statistics
Detector R-AXIS IV MAR R-AXIS IV
Wavelength (Å) 1.54 0.91 1.54
Resolution (Å) 2.0 1.2* 2.0
Rmerge 0.023 0.094 0.027
Unique reflections 15,772 74,061 15,253
Completeness (%) 98.0 99.4 95.3
Redundancy 1.8 3.7 1.8
〈I〉/〈σI〉
overall 29.9 12.7 21.1
outer shell 14.4 6.9 16.2
(2.07–2.00 Å) (1.22–1.20 Å) (2.07–2.00 Å)
Phasing statistics at 
2.0 Å resolution
Riso – 0.110 0.126
Phasing power
acentric – 1.70 0.49
centric – 1.42 0.32
Rcullis
acentric – 0.69 0.96
centric – 0.60 0.95
Figure of merit
acentric – 0.46† 0.53‡
centric – 0.68† 0.75‡
overall – 0.47† 0.54‡
All data sets were collected from single crystals. *This data set is
comprised of a high and a medium resolution pass (see text).
†Figures based on native plus derivative 1 only. ‡Figures based on
native plus derivatives 1 and 2. Rmerge = Σ(| Ij – 〈 Ij 〉 |)/Σ〈 Ij 〉, where Ij
is the intensity of an observation of reflection j and 〈 Ij 〉 is the average
intensity for reflection j. Riso = Σ(| FPH – FP |)/Σ| FP |, the mean fractional
isomorphous change between the native structure factors (FP) and the
derivative structure factors (FPH). Phasing power = Σ| FH |/ Σ| E |,
where FH is the calculated heavy-atom structure factor and E is the
lack of closure error, defined as | E | = (| FPH ± FP | – | FH |). 
Rcullis = Σ| E |/Σ(| FPH – FP |). Figure of merit is the cosine of the mean
phase error.
electron density forming a crystal contact between adjacent protein mol-
ecules and was presumably derived from the buffer used in crystalliza-
tion. This was subsequently shown to be crucial to crystal formation, as
control experiments using citrate buffer in place of acetate did not give
crystals. Two regions of electron density at the protein surface and adja-
cent to potential hydrogen-bonding groups were modelled as half-occu-
pancy ethylene glycol molecules from the cryoprotectant. A further peak
of positive density was attributed to a sulphate anion derived from the
precipitant (ammonium sulphate). A total of eight sidechains were mod-
elled in two alternative conformations (four serine, three lysine and
one glutamine). The final R values for this model were Rconv = 16.4%
and Rfree = 18.4%, indicating a good agreement to the experimental
data with very little over-interpretation.
Sequence and model quality
Towards the end of model building, some density was apparent for an
additional residue at the N terminus of the structure, but this could not
be confidently modelled. At the C terminus, however, the terminal
oxygen could be fitted, indicating that this was indeed the last residue.
All isosteric residue ambiguities (ie. aspartate/asparagine, glutamate/
glutamine, valine/threonine) were resolvable by inspection of local envi-
ronments, hydrogen-bonding networks and refined temperature factors,
with the exception of two glutamate/glutamine discrepancies. These
were residue 58, which was modelled as glutamate, and residue 153,
which was modelled as glutamine. Only five residues were not suffi-
ciently well ordered to be identified at all from the map and therefore be
incorporated into the model. These residues were left as alanine. To
verify the accuracy of the ‘three-dimensional sequence’ and to confirm
the identities of at least two of the anion-binding residues, the first
eleven amino acids were sequenced by automated Edman chemistry
[61] using a Procise Model 491 protein sequencer (Applied Biosys-
tems, Warrington, Cheshire) from a sample of the protein which had
been used to produce crystals. With the exception of the first residue,
which had not been fitted, and the second residue, whose identity could
not be determined from the map, the remaining nine residues were con-
firmed by this method. The correct identities of residues one and two
are incorporated into the sequence shown in Figure 8. The final model
quality was evaluated using the program PROCHECK [62], and the
overall criteria required for a structure at this resolution were either satis-
fied or exceeded. There are no residues in disallowed regions of the
Ramachandran plot and only a single residue in the generously disal-
lowed regions. This is residue 174 (φ = 93°, ψ = 11°), which is part of a
poorly defined surface loop and has been modelled as alanine. A
summary of the model contents and geometrical parameters is given in
Table 2. The Luzzati coordinate errors were estimated in the program
X-PLOR to be 0.120 Å and 0.134 Å using the working and the test sets
of reflections, respectively [55,63,64]. The quality of the final 2Fobs–Fcalc
map is illustrated by the section shown in Figure 4.
Accession numbers
The coordinates and structure-factor data for ModA2 have been
deposited with the Brookhaven Protein Data Bank with accession
codes 1ATG and R1ATGSF, respectively.
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